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a  b  s  t  r  a  c  t
CO2 reforming  of  CH4 was  studied  over  laboratory-prepared  carbonaceous  catalysts  at atmospheric
pressure  (0.1  MPa)  and  high  pressure  (3.6  MPa).  The  catalysts  were  characterized  by  BET  and  FITR  tech-
niques.  The  catalytic  activity  and  stability  of  catalysts  were  closely  related  to the  reaction  pressure.  It was
observed  that  the use  of  higher  pressure  substantially  decreased  CO2 and  CH4 conversion  and  increased
catalyst  deactivation  during  CO2 reforming  of  CH4, compared  to  runs  at 0.5  MPa for  carbonaceous  cata-
lysts.  Deactivation  was  related  to carbon  formation.  Some  process  adjustment  methods,  such  as  increasing
the reaction  temperature,  prolonging  reaction  residence  time,  and  increasing  CO2 and  CH4 molar  ratio,
which  could  improve  catalysts  activity  and  stability.  Besides,  the  positive  effect  of  surface  oxygen  con-
taining  groups  (C–O)  on  catalyst  activity  had  been  demonstrated  over  carbonaceous  catalysts.  The basic
function  of  the  carbonaceous  materials  surface  area  also  seemed  to  increase  H-abstraction  of  methane
and CO2 adsorption.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
The reforming of methane with carbon dioxide is a promising
method for production of synthesis gas (a mixture of hydrogen
and carbon monoxide) with a low H2/CO ratio, which are prefer-
able feeds for Fischer–Tropsch (F–T) synthesis, dimethyl ether and
methanol production [1–3]. This reaction also has important envi-
ronmental implications, since both methane and carbon dioxide
are greenhouse gases [4–6]. In short, the process has high market
potential and also environmentally benign.
Great efforts have been focused on the development of cata-
lysts that shows high activity and stability for CH4–CO2 reforming
reaction. A large number of literature have reported CH4 reform-
ing of CO2 over a wide range of catalysts, especially nickel- and
noble metal-based catalysts which are similar to steam reform-
ing catalysts [4–8]. Each of the catalyst has its advantages and
likewise drawbacks. Compared with Ni supported catalysts, noble
metals have been reported to be more resistant to coking for reac-
tions at atmospheric pressure. But considering the high cost and
limited availability of noble metals, these have discouraged their
industrial application. From the industrial standpoint, Ni-based
catalysts have been employed as possible substitutes for precious
metals as they are relatively cheap and exhibit high activity for
the reaction [9].  However, the carbon deposition is serious espe-
cially for Ni catalysts. Therefore, the development of stable new
catalysts with little or no coking is a bottleneck for the indus-
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trial application of the process. Many studies on the CH4–CO2
reaction under atmospheric pressure have shown that properly
coal char has the potential of being highly resistant to coking and
thus could be stable in catalyzing the reaction [10]. In our earlier
exploratory work using the coal char catalyst, we developed a high
active and stable carbonaceous catalyst for the dry reforming at
0.1 MPa  [8].
Many experimental and theoretical studies indicate that the
main reasons for catalysts deactivation are sintering and coking in
CH4 reforming of CO2 process. The catalysts are sintered due to the
hotspots created by the exothermic reaction or local overheating.
The dominant processes for carbon formation on catalyst surface
are methane decomposition and CO disproportionation. The reac-
tions are followed:
CH4 = C + 2H2 (Ho = 74.8 kJ/mol) (1)
2CO = CO2 + C (Ho = −172.4 kJ/mol) (2)
CO + H2 = H2O + C (Ho = −131.1 kJ/mol) (3)
Because the reaction of methane decomposition is a volumet-
ric expansion, an increase in reaction pressure would inhibit the
reaction of methane decomposition based on the thermodynam-
ics analysis. However, increasing the reaction system pressure,
methane partial pressure increases, the trend of carbon deposi-
tion formation by methane decomposition also increases. On  the
other hand, because the reactions of (2) and (3) are volumetric
contraction, the probability of side effect ((2) and (3))  increases
with increasing the reaction pressure. Overall, the catalysts of
CH4 reforming of CO2 may  be more unstable and susceptible to
1385-8947/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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carbon formation under high pressure conditions. Researches of
the reforming reaction at high pressures are required.
On the other hand, CH4 is preserved at high pressures in natural
gas ﬁelds, and all syntheses in GTL (syngas to liquid) process, includ-
ing methanol and Fischer–Tropsch synthesis from CO/H2, which are
performed at high pressures (at 2.0 MPa  or higher) [11]. Hence, from
an economical point of view, it would be highly desirable methane
reforming of carbon dioxide should be carried out at high pressures.
In addition, from the standpoint of the utilization of synthesis gas,
the compressed syngas is more convenient [12]. However, only a
few reports appeared in the literature studied the reaction under
high pressures [13–17].
In order to gain a better insight into the potentials of carbona-
ceous catalyst for CH4 reforming of CO2 of under practical high
pressures, a research has carried out in our laboratory to test the
behavior of carbonaceous catalysts for high pressure CO2 reforming
of CH4. The effects of reaction pressure, temperature, CO2 and CH4
feed gas ratio, residence time for CO2 reforming CH4 at 0.1–3.6 MPa
are presented. This catalyst is chosen because it showed stable
catalysis for the same reaction under normal pressure [8].  Pressure
signiﬁcantly affects the conversion over carbonaceous catalyst.
2. Experimental
2.1. Catalyst preparation
The carbonaceous catalysts used in the experiment were pre-
pared by pyrolysis of coal at 1150 ◦C for 1.5 h and crushing the
catalyst mass to 30–60 mesh-size particles [8].  The proximate anal-
ysis and ultimate analysis of carbonaceous catalysts were shown in
Table 1.
2.2. Physico-chemical characterization
All samples were degassed at 573 K for 1 h before mea-
surements to remove impurities of the catalyst surface. The
speciﬁc surface area of the catalysts was determined by nitro-
gen adsorption–desorption measurement at −196 ◦C in Tristar gas
adsorption system.
The oxygen-containing function group of the carbonaceous
catalysts was determined by means of a VERTEX70 Fourier transfor-
mation infrared spectrometer. Scanning area was  4000–400 cm−1.
Resolution was 4 cm−1. Wave number accuracy was 0.01 cm−1.
Scan time was16 s.
2.3. Catalytic activity
The catalytic activity measurements of CO2 reforming CH4 were
performed at a temperature of 700–950 ◦C in a high pressure ﬁxed
bed reactor [18]. High-purity gases were used in all experiments.
The volumes of CH4, CO2 and N2 were exactly controlled into the
reactor by mass ﬂow controllers. About 3 g of the catalyst was used
in reaction runs. Temperature of the reactor and catalyst bed was
monitored by using a thermocouple placed in the center of the cata-
lyst bed and a temperature controller and the furnace temperature
was monitored with the help of a separate temperature indicator.
The pressure in the reactor was maintained and monitored by using
a backpressure regulator and pressure transducer, respectively.
The reactor system, the procedure for CO2 reforming CH4 and
the GC used in this work were the same as described in another
paper from our laboratory [8,19–21]. Prior to a test, the reactant
catalysts were reduced with the addition of 10% H2/N2 at a con-
stant heating rate of 5 ◦C min−1 from temperature room to 900 ◦C
this temperature was kept during for 60 min. Then the ﬂow rate of
H2/N2 was cut the reaction run was started by introducing CH4/CO2
mixture into the reactor. After the steady state conditions were
reached (30–60 min) the mixtures of reactant gases and products
Fig. 1. Effect of pressure on conversion of methane and carbon dioxide.
were periodically analysed by means of two gas chromatograph
units used simultaneously: the ﬁrst, for CH4, H2 and CO, employed
a molecular sieve column and the second a HayeSep column for
CH4 and CO2 during a time-on-stream period of 250 min. Prior to
analysis, the efﬂuent was  passed through a water-trap at 0 ◦C in
order to remove reaction water. In all experiments, catalytic per-
formances were evaluated by CH4 and CO2 conversion, CH4 and
CO2 conversion were calculated based on number of moles of CO
or H2 produced to total number of moles of feed (CH4 + CO2).
After the catalyst had served the reaction for a speciﬁed period
of time, the reaction feed was  switched to inert nitrogen (high-
purity), followed by cooling in nitrogen ﬂow of the reactor to room
temperature at which the used catalyst was unloaded for various
characterizations.
3. Results and discussion
3.1. Effect of pressure on catalytic performance
CH4–CO2 reforming is a volumetric expansion process. The reac-
tion equilibrium conversion decreases with increasing the reaction
pressure as expected from thermodynamics analysis. Effect of
pressure on conversion of methane and dioxide carbon over car-
bonaceous catalyst, the residence time 6 s, CH4/CO2 ratio 1:1,
reaction temperature 950 ◦C, which is shown in Fig. 1. The con-
version of methane and carbon dioxide decreased with increasing
the reaction pressure. When the reaction was  stable at 240 min, CH4
conversion was  38.7% at 0.5 MPa, whereas CH4 conversion dropped
to 26.0% at 2.8 MPa. Similar trends of differences in CO2 conversion
between runs at 0.5 MPa  and 2.8 MPa  were observed, the catalyst
gave 59.0% CO2 conversion at 0.5 MPa, while it decreased to 45.6%
at 2.8 MPa. Thus higher CH4 and CO2 conversion were achieved
with catalysts at a lower pressure, both CH4 and CO2 conversion
dropped signiﬁcantly with increasing the pressure. This is mainly
Author's personal copy
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Table  1
The proximate analysis and ultimate analysis of carbon catalyst.
Sample Proximate analysis (wt.%, ad) Ultimate analysis (wt.%, daf)
Moisture Ash Volatile matter C H N S O (diff)
DT coal 3.10 12.20 29.00 87.70 4.96 1.27 0.42 5.36
Semi-coke 1.20 13.30 4.50 94.60 1.47 0.99 0.17 2.36
ad, air dried; daf, dry ash free; diff, difference; DT, Datong.
due to the partial pressures of the individual components increases
with increasing the system pressure. Then the collision probability
of gas molecule and catalyst surface active sites will grow, the sur-
face concentration and residence time of reaction intermediate CHx
species increase. The aggregation chance of carbon atoms increases.
As a result, the active sites of catalyst covered causing reduce its cat-
alytic activity [22]. Basically, increasing the system pressure leads
to asynchronization of carbon deposition and consumption: the
carbon deposition rate is greater than carbon consumption rate,
catalyst rapid deactivation being due to coke formation. In addi-
tion, the decrease in the activity between atmospheric-pressure
(0.5 MPa) and high pressure (2.8 MPa) operations can be attributed
to several factors including equilibrium limitations of the reaction
and carbon formation, and possibly some other issues associated
with pressure change.
3.2. Effect of temperature on catalytic performance
Fig. 2 shows temperature effect on CH4 and CO2 conversion
over carbonaceous catalyst at 2.8 MPa  for 240 min, the residence
time 6 s, CH4/CO2 ratio 1:1. Carbon dioxide reforming of methane
is a strong endothermic reaction. Increasing the reaction temper-
ature is in favor of the increase transformation of methane and
carbon dioxide, the stability of the catalyst also increased. However,
Fig. 2. Effect of temperature on conversion of methane and carbon dioxide.
methane decomposition is an endothermic reaction. As the tem-
perature increasing, carbon deposition is accelerated by methane
decomposition. Carbon elimination by CO2 also increases. The test
results show that the conversion of methane and carbon dioxide is
improved with increasing the reaction temperature. It also can be
seen from Fig. 2 that the conversion of carbon dioxide and methane
is almost the same in the temperature range of 700–800 ◦C. When
the temperature is up to 900 ◦C, the conversion of carbon dioxide
is obviously higher than methane. Reaction temperature obviously
affects catalyst activity, higher reaction temperature is in favor of
CH4 conversion and carbon elimination by CO2 [19,20].  In our previ-
ous study [8,18,21], we  found that the CO2–CH4 reforming not only
happened carbon formation reactions of methane decomposition
and CO disproportionation, but also happened carbon consumption
reaction of CO2 gasiﬁcation. From the stable activity after 100 min
on stream, it indicates that the catalyst deactivation is closely
related with the asynchronization of carbon deposition and con-
sumption. As Zhang et al. [21] have also reported, different types of
carbon deposition (ﬁlamentous carbon and graphitic carbon) were
formed at different CO2–CH4 reforming reaction temperatures. The
ﬁlamentous carbon reacts with carbon dioxide, which is also the
intermediate during carbon dioxide reforming of methane, which
improves the conversion of carbon dioxide. The graphitic carbon
is difﬁcult to react with carbon dioxide, which clearly inhibits
CH4–CO2 reforming. The stable catalysis of carbonaceous cata-
lyst seems to be associated with its ability to avoid formation of
graphitic carbons and to maintain a dynamic equilibrium of the ﬁl-
amentous carbons with the reactant and product molecules at the
catalyst surface. The conclusion is consistent with those reported
by other authors [11,12].
3.3. Effect of feed ratio of gas on catalytic performance
Feed ratio of gas has a marked inﬂuence on the catalyst per-
formance. Methane reforming reaction also can get high-quality
synthesis gas by adjusting the ratio of feed gas for Fischer–Tropsch
synthesis. The experimental runs are carried out in order to achieve
the objectives of this investigation by ﬁnding the effect of chang-
ing the ratio of methane to carbon dioxide in the feed gas. A
serial of methane to carbon dioxide ratios is selected during this
project: 1.8/1, 1.4/1, 1/1, 1/1.5, 1/2. The runs for each set of exper-
iment are carried out at a constant ﬂow rate and total pressure
of 1.6 MPa  and speciﬁc temperature (at 950 ◦C). The results for
methane conversion and carbon dioxide conversion are shown in
Fig. 3, respectively.
For methane conversion, Fig. 3 indicates that the methane con-
version decreases as increasing the ratio of methane to carbon
dioxide. When the CH4/CO2 ratio was  1.8, methane conversion was
about 3.1% after 240 min  under 950 ◦C. The methane conversion
increased from a value of 26.0% at a ratio of 1/1 to 32.9% at a ratio
of 1/2. The reasons for the decrease in methane conversion can be
explained using the La Chatelier principle. At low CH4/CO2 ratio
since CO2 is in excess, it forces CH4 to be converted to CO and
H2. As CH4/CO2 ratio increased, the CO2 amount decreased caus-
ing lower CH4 conversion. When the ratio increased above 1, CH4
starts to decomposed. As a result, the surface concentration of the
reaction intermediate (CHx) increased and the surface residence
Author's personal copy
Y. Zhang et al. / Chemical Engineering Journal 173 (2011) 592– 597 595
Fig. 3. Effect of feed ratio of gas on catalytic performance.
time extended on catalysts surface [23]. With the surface carbon
concentration increasing, the number of carbon atoms deposited to
build up on the surface of catalyst, which covered catalytic active
sites causing lower catalytic activity. The trend here is opposite to
what obtained for methane conversion, the carbon dioxide conver-
sion increased as the ratios of methane to carbon dioxide increased.
The increase in CO2 conversion is due to increase in the amount of
CH4, which causes more conversion of CO2 according to Le Chatelier
principle.
Because of the unavoidable reverse water–gas shift reaction
(CO2 + H2 = CO + H2O), it can be expected that the actual conversion
of CO2 should be higher than that of CH4 in the reaction. Clearly,
the catalytic results in Fig. 1 are consistent with this expectation,
the conversion of methane being lower than that of CO2. It can
increase the carbon dioxide conversion to reduce CH4/CO2 ratio, but
reducing CH4/CO2 ratio being less than 1.0 is no use for increases
the conversion of carbon dioxide. There are two main reasons why
the carbon dioxide conversion decreases. One reason of course is
the fact that carbon dioxide absolute quantity (space velocity) in
feed gas increases. The second reason is the reaction formed car-
bon monoxide disproportionation to form carbon dioxide. Based on
the two factors above, the conversion of carbon dioxide decreases
as CH4/CO2 ratio is less than 1.
3.4. Effect of residence time on catalytic performance
Fig. 4 shows the effect of residence time on CH4/CO2 conversion
over carbonaceous catalyst at the pressure of 1.6 MPa and reaction
temperature 950 ◦C. The conversion of methane and carbon dioxide
is improved with the prolonging of residence time. When the resi-
dence time is at 3 s, the conversion of methane and carbon dioxide is
about 22.3% and 31.3%, respectively. Increasing the residence time
to 10 s, the conversion of methane and carbon dioxide is up to 40.7%
Fig. 4. Effect of residence time on conversion of methane and dioxide.
and 62.0%, respectively. This is mainly due to (a) the prolonging of
residence time growing the contact time of reactant molecules with
the activity sites on the catalyst surface (b) the effective collision
rate improved. However, with lengthening the residence time, the
residence time on the catalyst surface of the reaction intermediate
(CHx) is also extended. Coke and other side effects increase as well.
As a result, the catalyst activation and stability reduce. It can clearly
be seen that the effects of increasing residence time and improv-
ing reaction pressure are opposites, improving the residence time
would produce a certain effect of mitigation to the negative effects
by increasing pressure.
3.5. Catalysts characterization
The BET surface area of the carbonaceous catalysts is shown in
Table 2. Adding reaction pressure, the catalysts speciﬁc surface area,
pore diameter and pore volume decrease. The surface area of orig-
inal sample is 94 m2/g, which is dropped to 87 m2/g, 79 m2/g and
72 m2/g after reaction (1.6 MPa, 2.8 MPa  and 3.2 MPa), respectively.
The pore diameter of original sample is 19 m,  which is reduced
to 17 m,  16 m and 15 m after reaction (1.6 MPa, 2.8 MPa
and 3.2 MPa), respectively. The pore volume of original sample
is 0.08 cm3/g, which is lowered to 0.07 cm3/g, 0.06 cm3/g and
0.05 cm3/g after reaction (1.6 MPa, 2.8 MPa  and 3.2 MPa), respec-
tively. The reduction in surface area and pore diameter/volume
Table 2
Characteristics of carbonaceous catalysts.
Sample ABET (m2/g) Vp (cm3/g) dp (m)
Original sample 94 0.08 19
Samples after reaction (1.6 MPa) 87 0.07 17
Samples after reaction (2.8 MPa) 79 0.06 16
Samples after reaction (3.2 MPa) 72 0.05 15
Author's personal copy
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Table  3
Infrared spectra of functional groups.
Wave number (cm−1) Functional groups Compounds
3200–3600 O–H –OH
3030–2800 C–H Alkanes
1600–1900 C O Carboxyl, carbonyl, aldehyde,
ketone
1330–1110 C–O Phenols, ether alcohols, esters
870–700 Aromatic ring
Fig. 5. FITR of catalysts.
indicates that the surface area and pore volume of carbona-
ceous materials are attributed to enhancement of H-abstraction of
methane and CO2 adsorption, speeding up coke gasiﬁcation by CO2
and methane decomposition [8,19,24].
On the basis of experiments and literature [25], we suggest that
activation and reaction of CH4 and CO2 on carbonaceous catalyst
could be illustrated as followed.
First, the activation of methane over carbonaceous catalyst pro-
ceeds through decomposition of CH4 to produce CHx and H* species.
CH4 + 2∗ → CHx∗ + (4 − x)H∗
H* from the dissociation of CH4 promoted CO2 dissociation and
the followed surface reaction of CHx* fragments. Carbon dioxide
reacts with H* species to produce CO and OH* species. OH* species
reacts with CHx* to produce CHxO* and H*. CHxO* is broken down
into CO and xH*. At last, H* forms hydrogen
CO2 + H∗ → CO + OH∗
CHx∗ + OH∗ → CHxO ∗ + H∗
CHxO∗ → CO + xH∗
2xH∗ → xH2 + 2∗
Table 3 shows the infrared spectra of functional groups. The
catalysts FITR is shown in Fig. 5. Four absorption peaks can be
seen from the FTIR spectra of the original catalyst located at
wavenumbers of 3400 cm−1, 1600 cm−1, 1400 cm−1 and 800 cm−1.
These peaks indicate that the original catalyst sample may  contain
O–H, C O and C–O functional groups. After reaction is completed,
the absorption peak at 1400 cm−1 weakens or even disappears
when the reaction pressure is increases. This shows that the
oxygen-containing functional group of C–O is consumed during the
reforming process.
Previous works found that the oxygen-containing functional
groups exist on the carbonaceous catalyst surface, and the oxygen-
containing functional groups can accelerate CO2–CH4 reforming
[24,26]. The result indicated that the oxygen-containing group
(C–O) on the carbonaceous catalyst surface was the active sites of
the carbonaceous catalyst. The oxygen-containing group (C–O) on
the carbonaceous catalyst surface is favorable to the adsorption and
dissociation of methane, further, the oxygen-containing functional
group (C–O) on the carbonaceous catalysts surface, active sites, may
speed up coke gasiﬁcation by CO2.
4. Conclusions
CO2 reforming of CH4 over carbonaceous catalysts is studied
at pressures of 0.5–3.6 MPa. The reaction system pressure signiﬁ-
cantly affects the catalytic activity, stability of catalysts, CH4 and
CO2 conversion during CH4 reforming of CO2. Increasing the reac-
tion pressure of CH4–CO2 reforming, catalytic activity, CH4 and
CO2 conversion decrease signiﬁcantly. Increasing the reaction tem-
perature, prolonging the reaction residence time, and increasing
the CO2/CH4 molar ratio can restrain carbon deposition, increase
methane and carbon dioxide conversion, and improve carbona-
ceous catalysts stability. The carbonaceous materials surface area
is attributed to the enhancement of H-abstraction of methane and
CO2 adsorption. Oxygen-containing functional groups (C–O) on the
surface of carbonaceous catalysts may  create active sites speeding
up coke gasiﬁcation by CO2 and providing a positive effect on the
catalytic activity.
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